Introduction {#s0005}
============

Enterovirus 71 (EV71), a member of the genus *Enterovirus* in the family *Picornaviridae*, is the major causative pathogen for hand-foot-and-mouth disease (HFMD) in children ([@bib12]), and can also cause neurological syndromes, such as aseptic meningitis, encephalitis, poliomyelitis-like paralysis, and even death ([@bib6], [@bib30]). EV71 has been recognized as one of the most important pathogens that cause emerging infectious disease; moreover, increased occurrence of EV71 epidemic activities has been reported throughout the Asia-Pacific region in recent years ([@bib17], [@bib47], [@bib50]). Like other enteroviruses, EV71 contains a single-stranded, positive-sense RNA genome, which is approximately 7.4 kb in length and consisting of a single open reading frame (ORF) flanked by 5′ and 3′ untranslated regions (UTRs). Enteroviral ORF encodes a long polyprotein that is subsequently cleaved at specific sites to produce separate structural and nonstructural proteins ([@bib5]). Previous studies from enteroviruses, mainly poliovirus, have shown that some of enteroviral nonstructural proteins, including 3D^Pol^, the RNA-dependent RNA polymerase (RdRp), 3CD, 3AB and 3B, as well as certain host factors are involved in viral RNA replication ([@bib16]).

For RNA viruses including enteroviruses, their viral RNAs (vRNAs) require proper secondary and tertiary structures to form diverse *cis*-acting elements within their 5′-UTR, 3′-UTR or ORF region, which play essential or critical roles in vRNA replication, translation, and encapsidation ([@bib28], [@bib35], [@bib52]). Moreover, the formation and deformation of RNA tertiary structures should be a dynamically regulated process for vRNAs to function properly in various events. However, correct folding of RNA molecules is quite challenging, because RNAs would be easily trapped in intermediate structures that are thermodynamically stable (i.e. kinetic trap) ([@bib28], [@bib45]). In response to this challenge, hosts or viruses encode a variety of RNA "helper" or remodeling proteins, generally including ATP-dependent RNA helicases and ATP-independent RNA chaperones, which help kinetically trapped RNAs overcome thermodynamic barriers and refold to form proper RNA structures ([@bib39]). RNA helicases contain ATPase activity, and utilize the energy of ATP binding and hydrolysis to unwind RNA duplexes. These proteins are thought to participate in most ATP-dependent remodeling of structured RNAs ([@bib39]). On the other hand, RNA chaperones are a heterogeneous group of proteins that can destabilize RNA duplexes and accelerate correct RNA folding by helping misfolded RNAs escape kinetic traps ([@bib15]). For enteroviruses, although nonstructural protein 2C^ATPase^ has long been predicted as a putative helicase based on its AAA+ ATPase activity and conserved helicase motifs, the putative helicase activity associated with 2C^ATPase^ has not been formally determined ([@bib40]). In contrast, previous studies of poliovirus have shown that poliovirus nonstructural protein 3AB possesses an RNA chaperone activity in vitro, which probably involves in polioviral RNA synthesis by 3D^Pol^ ([@bib9]).

Enteroviral 3AB is a \~12 kDa and 108 amino acids (a.a.) protein, containing N-terminal 3A (\~10 kDa) and C-terminal 3B/VPg (\~2 kDa) domains. Protein 3AB is derived from the \~84 kDa P3 precursor of enteroviral polyprotein, which also contains 3D^Pol^ and 3C protease (3C^Pro^). Finally, 3AB will be proteolytically cleaved into proteins 3A and 3B/VPg ([@bib31]). During enteroviral RNA replication, proteins 3A, 3B/VPg as well as 3AB play critical roles in vRNA synthesis ([@bib34]). Among them, protein 3A is 87 a.a. in length and has an effect on protein trafficking ([@bib3]). For all picornaviruses, the 3B/VPg is a small peptide (21--24 a.a.) that functions as a primer to initiate vRNA synthesis by 3D^Pol^, which is covalently linked to the 5′-end of all newly synthesized vRNAs ([@bib32]). Moreover, proteins 3A and 3AB have been reported to play key roles in the formation of enteroviral replication complex.

In human enteroviruses, poliovirus is the type specie and has long been recognized as the most important enterovirus since it causes poliomyelitis ([@bib29]). Following the mostly complete eradication of poliovirus and poliomyelitis in most regions around the world ([@bib10]), EV71 has emerged as the most important human neuron-tropic enterovirus ([@bib19]). So far, no effective vaccine or antiviral therapy is available for EV71 ([@bib8]). Previous study has shown that mutants resistant to Enviroxime, an antiviral drug blocking polioviral RNA replication, map to the coding sequence of 3A, indicating that 3A (or 3AB) plays a critical role in vRNA replication and is an ideal target for antiviral therapy against other enteroviruses ([@bib38]). Thus, a potential anti-EV71 strategy is to develop novel antivirals targeting 3A or 3AB ([@bib23], [@bib41]). However, although poliovirus 3AB has been reported to display an in vitro RNA chaperone activity, the function of EV71 3AB has been poorly studied. Due to the importance of 3AB for enteroviruses, a thorough understanding to its roles in EV71 virology would be desired for combating this emerging virus, and may serve as a basis for future studies.

In this study, we expressed the 3AB domain of EV71 polyprotein in a eukaryotic expression system and determined that EV71 3AB displays nonspecific nucleic acid helix-destabilizing and annealing acceleration activities. Further characterization of EV71 3AB revealed that divalent metal ions, such as Mg^2+^, Zn^2+^, inhibit the RNA helix-destabilizing of 3AB to different extents. Moreover, we demonstrated that 3B plus the last 7 amino acids at the C-terminal of 3A (termed 3B+7) still possesses RNA chaperone activity. Using a point mutagenesis approach, we uncovered that two of the point mutations were able to abolish the RNA helix-destabilizing activity of 3B+7, while the remaining mutants inhibited the activity to different extents. The results indicated that it is probable that the five amino acids (Lys-80, Phe-82, Phe-85, Tyr-89, and Arg-103) are the active sites for the RNA chaperone activity of 3AB, which may serve as the target for anti-EV71 therapy.

Results {#s0010}
=======

EV71 3AB protein can destabilize both RNA and DNA helices {#s0015}
---------------------------------------------------------

RNA chaperones are usually able to destabilize or unwind short RNA helices ([@bib36]). To examine whether EV71 3AB possesses RNA helix-destabilizing activity, we expressed and purified EV71 3AB as MBP fusion protein (MBP-3AB) using baculovirus expression system ( [Fig. 1](#f0005){ref-type="fig"}B). To assess helix-destabilizing activity, a short HEX-labeled RNA (RNA1) and a long non-labeled RNA (RNA2) were annealed to generate a standard RNA substrate with both 5′ (22 bases) and 3′ (23 bases) single-stranded overhangs ( [Fig. 2](#f0010){ref-type="fig"}A, left panel and [Table 2](#t0010){ref-type="table"}). The helix-destabilizing reaction was conducted by incubating RNA helix substrate with MBP-3AB, followed by gel electrophoresis. Our data show that the HEX-labeled RNA strand was released from the standard RNA helix substrate in the presence of MBP-3AB, whereas the negative control MBP had no effect on the same substrate ([Fig. 2](#f0010){ref-type="fig"}A, right panel), indicating that EV71 3AB has the activity to destabilize RNA helix. In this and subsequent experiments, boiled duplex substrates were used as positive controls.Fig. 1Organization of an EV71 genome and polyprotein processing. (A) The 5′ and 3′UTR contain RNA sequences forming RNA structural elements. The coding region is divided into three sections, including the P1, P2 and P3 precursor. Protein 3AB is derived from the P3 precursor of enteroviral polyprotein, which also contains 3D^Pol^ and 3C protease (3C^Pro^). 3AB will be proteolytically cleaved into proteins 3A and 3B/VPg. (B) Electrophoresis analysis of purified MBP-3AB and MBP alone. Proteins were loaded onto a 10% SDS-PAGE gel and then visualized via Coomassie blue staining. Lane 1, protein molecular mass markers; lane 2, purified MBP; lane 3, purified MBP-3AB.Fig. 2EV71 3AB can destabilize both RNA and DNA helices. (A--C) Purified MBP-3AB was incubated with standard RNA duplex (R\*/R substrate), RNA/DNA hybrid duplex (R\*/D substrate) and DNA duplex (D\*/D substrate) as illustrated in left panels. Asterisk (\*) indicates HEX-labeled strand. The preparations of destabilizing substrates are indicated in Materials and Methods. The 0.1 pmol substrate was incubated in standard reaction mixtures in the presence or absence of 10 pmol MBP-3AB as indicated, and the destabilizing activity was assessed via gel electrophoresis and scanning on a Typhoon 9200. (A) R\*/R substrate (left panel). Lane 1, boiled reaction mixture without enzyme addition; Lane 2, reaction mixture without enzyme addition; Lane 3, complete reaction mixture with negative control MBP alone; Lane 4, complete reaction mixture with MBP-3AB. (B) R\*/D substrate (left panel). Lanes 1 and 2: boiled (lane 1) or native (lane 2) reaction mixtures without enzyme addition; Lane 3, complete reaction mixture with negative control MBP alone; Lane 4, complete reaction mixture with MBP-3AB. (C) D\*/D substrate (left panel). Lanes 1 and 2: boiled (lane 1) or native (lane 2) reaction mixtures without enzyme addition; Lane 3, complete reaction mixture with negative control MBP alone; Lane 4, complete reaction mixture with MBP-3AB. (D) Increasing amount of MBP-3AB was incubated with 0.1 pmol DNA duplex (D\*/D) as indicated, and the destabilizing activity was assessed via gel electrophoresis and scanning on a Typhoon 9200. Asterisk (\*) indicates HEX-labeled strand. (E) The helix destabilization was plotted as the percentage of the released RNA or DNA from the total helix substrates (*Y*-axis) at indicated helix substrates as *X*-axis.

Previous studies have shown that a variety of RNA chaperones are also able to destabilize/unwind DNA-DNA or DNA-RNA duplexes ([@bib7]), thus being named nucleic acid chaperones ([@bib9]). To further examine whether the helix-destabilizing activity of EV71 3AB is specific for RNA helix, we constructed two different nucleic acid helix substrates, R⁎/D ([Fig. 2](#f0010){ref-type="fig"}B, left panel) via annealing a short HEX-labeled RNA (RNA1) and a long non-labeled DNA (DNA2) and D⁎/D ([Fig. 2](#f0010){ref-type="fig"}C, left panel) via annealing a short HEX-labeled DNA (DNA1) and a long non-labeled DNA (DNA3) ([Table 2](#t0010){ref-type="table"}). Each helix substrate was reacted with MBP-3AB under the same conditions as in [Fig. 2](#f0010){ref-type="fig"}A. Our results revealed that EV71 3AB was able to destabilize both RNA-DNA and DNA-DNA helix substrates ([Fig. 2](#f0010){ref-type="fig"}B and C). Moreover, we reacted DNA-DNA helix substrate with different concentrations of MBP-3AB, and the data show that 3AB can destabilize DNA-DNA helix in a dose-dependent manner ([Fig. 2](#f0010){ref-type="fig"}D). The destabilizing activities of EV71 3AB to different helix substrates were also quantified ([Fig. 2](#f0010){ref-type="fig"}E), suggesting that EV71 3AB unwinds RNA-RNA helix more efficiently. Altogether, our data show that EV71 3AB has a nucleic acid helix-destabilizing activity for both RNA and DNA helices, and this feature is similar with the nonstructural protein 2C from *Ectropis obliqua* picorna-like virus (EoV), which is also able to destabilize both RNA and DNA helices ([@bib7]).

The helix destabilization by EV71 3AB exhibits no directionality {#s0020}
----------------------------------------------------------------

A major difference between RNA helicases and RNA chaperones is that the helix unwinding by helicases has directionality (also called polarity), while that of RNA chaperones is usually bidirectional ([@bib39]). After determining that EV71 3AB has nucleic acid helix-destabilizing activity, we sought to examine if the helix destabilization by 3AB has any directionality. Notably, although EV71 3AB can destabilize both DNA and RNA helices, we only used RNA helices in the subsequent experiments of the current work, since EV71 is an RNA virus and no DNA is involved in its life cycle. To this end, three different RNA helix substrates, containing a 3′ 23-nt single-stranded overhang, a 5′ 22-nt overhang, and blunt ends (as illustrated in [Fig. 3](#f0015){ref-type="fig"}A--C, left panels) were generated. These substrates were then reacted with MBP-3AB under our standard destabilizing condition. Our results showed that MBP-3AB was able to destabilize both 3′-tailed and 5′-tailed RNA helices, but not blunt-ended one ([Fig. 3](#f0015){ref-type="fig"}A--C). These experiments have been independently repeated several times. Altogether, our data demonstrate that the helix-destabilizing activity of EV71 3AB has no directionality or polarity.Fig. 3EV71 3AB destabilizes RNA helices in a bidirectional manner. (A) Negative control MBP alone (lane 3) and MBP-3AB (10 pmol) were reacted with 3′-tailed (lane 4) RNA helix substrate (0.1 pmol) as illustrated in upper panel, respectively, under standard reaction conditions. Asterisk (\*) indicates HEX-labeled strand. (B) Negative control MBP alone (lane 3) and MBP-3AB (10 pmol) were reacted with 5′-tailed (lane 4) RNA helix substrate (0.1 pmol) as illustrated in upper panel, respectively, under standard reaction conditions. For panels A and B, Boiled 3′-tailed (A) or 5′-tailed (B) substrate (lane 1) or substrates alone (lanes 2) were used as controls. (C)MBP-3AB (10 pmol) was reacted with blunt-ended RNA helix (0.1 pmol) as illustrated in upper panel. (D) The unwinding activity was plotted as the percentage of the released RNA from the total RNA helix substrates (*Y*-axis) at indicated helix substrates as *X*-axis. Error bars represent standard deviation values from three separate experiments.

Kinetics study of the helix-destabilizing reaction of EV71 3AB with respect to rate constants {#s0025}
---------------------------------------------------------------------------------------------

In order to calculate the rate constants of EV71 3AB to evaluate its nucleic acid chaperone activity, we examined its helix-destabilizing activity under different concentrations of MBP-3AB and different reaction times. We found that the RNA helix-destabilizing activity of MBP-3AB was dose dependent, as increasing the dose of 3AB gradually enhanced helix destabilization ( [Fig. 4](#f0020){ref-type="fig"}A). In addition, the RNA helix-destabilizing activity increases with the increase of reaction time ([Fig. 4](#f0020){ref-type="fig"}B). The quantitated data obtained using different 3AB doses and reaction times can be used to calculate the rate constant. The helix-destabilizing reaction of EV71 3AB belongs to class of zero-order reactions for the RNA helix substrates, and belongs to one half-order reactions for protein 3AB. Using Origin curve fitting method, we calculated that the rate constant of the helix-destabilizing reaction of EV71 3AB is 6.29×10^−12^  (mol/L)^1/2^  s^−1^.Fig. 4Kinetics study of the helix-destabilizing reaction of EV71 3AB with respect to rate constants. (A) Standard RNA helix substrate (3′ tailed) (0.1 pmol) was reacted with increasing amounts of MBP-3AB (0 to 15 pmol) for 1h. (B) Standard RNA helix substrate (3′ tailed) (0.1 pmol) was reacted with MBP-3AB (10 pmol) at different reaction times (0--75 min). For (A and B, right panels), the destabilizing activities were plotted as the percentage of the released RNA from the total RNA helix substrates (*Y*-axis) at indicated amounts of MBP-3AB (A) or reaction time intervals (B) as *X*-axis. Error bars represent standard deviation values from three separate experiments.

Biochemical conditions for the RNA helix-destabilizing activity of EV71 3AB {#s0030}
---------------------------------------------------------------------------

To further characterize the biochemical reaction conditions for the RNA helix-destabilizing activity of MBP-3AB, we examined its activity under various conditions, such as pH values, divalent metal ions and ion concentrations. Of note, for this and subsequent experiments, a 3′-tailed RNA helix substrate was used.

We also examined the effects of different pH on the helix-destabilizing activity of MBP-3AB. Our results showed that MBP-3AB prefers mildly acidic pH, as MBP-3AB exhibited the highest helix-destabilizing activity at pH 6.0 relative to others ( [Fig. 5](#f0025){ref-type="fig"}A). Furthermore, we examined the requirement for Mg^2+^ as well as three other divalent metal ions (Mn^2+^, Ca^2+^, and Zn^2+^) for the helix-destabilizing activity of EV71 3AB. For helicases, Mg^2+^ is usually required for their helix unwinding activities ([@bib44], [@bib46]). Here we found that MBP-3AB did not require the presence of 2 mM Mg^2+^ or other divalent metal ions for its helix-destabilizing activity ([Fig. 5](#f0025){ref-type="fig"}B, lanes 3--7), and the presence of 2 mM Zn^2+^ even blocked RNA helix destabilization ([Fig. 5](#f0025){ref-type="fig"}B, lane 7). We further assessed the impacts of Mg^2+^ and Zn^2+^ at various concentrations on the helix-destabilizing activity of MBP-3AB. As shown in [Fig. 5](#f0025){ref-type="fig"}C, the helix-destabilizing activity of EV71 3AB was insensitive to Mg^2+^ when its concentration is lower than 5 mM, while high Mg^2+^ concentration (10 mM) is even moderate inhibitory. These results indicate that Mg^2+^ is not required for the helix-destabilizing activity of EV71 3AB. Our results also showed that when the concentration of Zn^2+^ reached 1 mM, the helix-destabilizing activity of MBP-3AB was dramatically inhibited ([Fig. 5](#f0025){ref-type="fig"}D, lanes 5--7), while at lower (0.5 Mm) Zn^2+^ concentrations, the helix-destabilizing activity of MBP-3AB was moderately inhibited ([Fig. 5](#f0025){ref-type="fig"}D, lane 4).Fig. 5Biochemical conditions for the RNA helix-destabilizing activity of EV71 3AB. (A) Helix-destabilizing activity was determined at the indicated pH in the absence of divalent metal ions. (B) Standard RNA helix substrate (3′ tailed) (0.1 pmol) was reacted with MBP-3AB in the presence of the indicated divalent metal ions at 2 mM. (C and D) 3′-tailed RNA helix substrate (0.1 pmol) was reacted with MBP-3AB in the presence of indicated concentrations of MgCl~2~ (C) or ZnCl~2~ (D). Asterisks (\*) indicate the HEX-labeled strand. For panels A--D, boiled and native substrates without MBP-3AB addition were used as controls (lane 1 and lane 2). For (A-D, right panels), the unwinding activity was plotted as the percentage of the released RNA from the total RNA helix substrates (*Y*-axis) at indicated pH values (A), divalent metal ions (B), Mg^2+^ concentrations (C), or Zn^2+^ concentration (D) as *X*-axis.

EV71 3AB destabilizes structured RNA strands and stimulates RNA strand annealing {#s0035}
--------------------------------------------------------------------------------

To further characterize and verify the RNA chaperone activity of EV71 3AB, a classic assay for measuring helix destabilization and annealing stimulation of RNA chaperones ([@bib7], [@bib9], [@bib11], [@bib14], [@bib48]) was adapted for EV71 3AB. As illustrated in [Fig. 6](#f0030){ref-type="fig"}A, two 42-nt complementary RNA strands that form defined stem-loop structures were used, one of which was HEX-labeled at its 5′ end ([Fig. 6](#f0030){ref-type="fig"}A, right). 0.1 pmol of HEX-labeled strands and non-labeled strands were mixed in the presence and absence of 10 pmol MBP-3AB, followed by gel shift assay to measure the hybridization of the two complementary RNA strands. Our results show that in the absence of 3AB, hybridization was not observed as incubation time increased ([Fig. 6](#f0030){ref-type="fig"}B, lanes 3--6), while the presence of 3AB dramatically enhanced the hybridization ([Fig. 6](#f0030){ref-type="fig"}B, lanes 7--10). In addition, we observed that the annealing stimulation by EV71 3AB was in a dose-dependent manner, as increasing the dose of 3AB resulted in an increase in hybridization ([Fig. 6](#f0030){ref-type="fig"}C), indicating that EV71 3AB is able to destabilize RNA secondary structures and enhance the formation of more stable RNA hybrids.Fig. 6EV71 3AB destabilizes structured RNA strands. (A) Schematic illustrations of the predicted stem-loop structures of the two 42-nt RNA substrates. The two RNA strands are complementary. One strand has HEX-labeled 5′ end as indicated by asterisk (right), while the other strand was not labeled (left). (B) The two complementary strands were mixed (0.1 pmol each), and reacted in the absence (lanes 3--6) or presence (lanes 7--10) of MBP-3AB (10 pmol) for indicated time (5--20 min). (C) The two complementary strands were mixed (0.1 pmol each), and reacted with increasing amounts of MBP-3AB (2.5--15 pmol) for 15 min. Complete reaction mixture with negative control MBP alone (10 pmol) (lane 3). For (B-C), the mix of the two strands was boiled (to prevent spontaneous annealing) (lane 1) or treated with a thermal cycler (lane 2) as negative or positive control, respectively. Samples were subjected to gel electrophoresis (see Materials and methods).

For RNA chaperones, an important characteristic is to stimulate annealing of complementary RNA strands. To determine whether EV71 3AB has this activity, a short HEX-labeled RNA strand (49 nt) was incubated with a long non-labeled RNA strand (285 nt) ( [Fig. 7](#f0035){ref-type="fig"}A) in the absence or presence of MBP-3AB. Moreover, RNA chaperone normally functions well when its amount is largely excessive over that of its substrate ([@bib24]). To examine whether this notion also applies to EV71 3AB, the two RNA strands (0.1 pmol each strand) were mixed, and then reacted with increasing amounts of MBP-3AB (0--10 pmol) for 10 min. After that, gel shift assay was performed to measure the annealing of the two partially complementary strands. Our data show that increasing the amount of MBP-3AB resulted in stronger stimulating effects on strand annealing in a dose-dependent manner ([Fig. 7](#f0035){ref-type="fig"}B, lanes 4--6). Taken together, we conclude that EV71 3AB possesses an RNA chaperone activity that is able to destabilize RNA helix and stimulate RNA strand annealing.Fig. 7EV71 3AB stimulates the annealing of RNA strands. (A) Schematic illustrations of the 49-nt RNA strand (upper) that is complementary to the 285-nt RNA strand. The 49-nt strand is HEX labeled as indicated by asterisk. (B) The two strands were mixed (0.1 pmol for each strand), and reacted with increasing amounts of MBP-3AB (0--10 pmol) for 10 min. The mix of the two strands was boiled (to prevent spontaneous annealing) (lane 1) or treated with a thermal cycler (lane 2) as negative or positive control, respectively. Samples were subjected to gel electrophoresis (see Materials and methods).

Mutational analysis of the 3B+7 region of 3AB {#s0040}
---------------------------------------------

Previous study of poliovirus 3AB has reported that the 3B region plus the C-terminal last 7 a.a. of 3A is the core region for the RNA chaperone activity of 3AB ([@bib11]). To determine which region of EV71 3AB is required for its RNA chaperone activity, we expressed EV71 3A (1--86 a.a.), 3B (87--108 a.a.) and 3B+7 (80--108 a.a., termed 3B+7) ( [Fig. 8](#f0040){ref-type="fig"}A) as MBP fusion proteins (MBP-3A, MBP-3B, MBP-3B+7) in a eukaryotic (baculovirus) expression system, and subsequently purified the proteins, followed by SDS-PAGE ([Fig. 8](#f0040){ref-type="fig"}B). After that, 10 pmol of each protein was incubated with RNA helix substrates. Our results showed that neither MBP-3A nor MBP-3B was able to destabilize RNA helix ([Fig. 8](#f0040){ref-type="fig"}D, lanes 4--5), while MBP-3B+7 effectively destabilized RNA helix. Moreover, the efficiency of MBP-3B+7 to destabilize helix is only slightly less than that of MBP-3AB ([Fig. 8](#f0040){ref-type="fig"}D, lane 3 and lane 6).Fig. 8Mutational analysis of the 3B+7 region of 3AB. (A) The amino acid sequence alignment analysis of 3AB proteins between EV71 and poliovirus. Regions of EV71 3AB: 3A, 1--86; 3B (VPg), 87--108(underlined); 3B+7, 82--108. Amino acids with an asterisk (\*) were mutagenesis sites. (B and C) Electrophoresis analysis of expressed and purified eukaryotic proteins as illustrated in upper panel. Proteins were subjected to 10% SDS-PAGE, and protein bands were stained with Coomassie blue. (D and E) 3′-tailed RNA helix substrate (0.1 pmol) was reacted with proteins (10 pmol) as illustrated in upper panel, respectively, under standard reaction conditions. (F) The destabilizing activity was plotted as the percentage of the released RNA from the total RNA helix substrates (*Y*-axis) at indicated proteins as *X*-axis. Error bars represent standard deviation values from three separate experiments.

Since 3B+7 contains most RNA chaperone activity of 3AB but either 3A or 3B does not, it is reasonable to speculate that the residues within the 3B+7 region and nearby the junction between 3A and 3B are critical for the RNA chaperone activity. Based on the amino acid sequence alignment analysis of 3AB proteins between EV71 and poliovirus, five residues K80, F82, F85, Y89 and R103, whose corresponding residues have been reported to be critical for the RNA chaperone activity of poliovirus 3AB ([@bib11]), were selected; and then, each residue was point mutated to Alanine (A) in 3B+7 (as indicated in [Fig. 8](#f0040){ref-type="fig"}A). The 3B+7 mutants were eukaryotically expressed as MBP-fusion proteins and then purified ([Fig.8](#f0040){ref-type="fig"}C). After that, helix-destabilizing assays were conducted. As shown in [Fig. 8](#f0040){ref-type="fig"}E, the K80A or Y89A mutation abolished the helix-destabilizing activity of 3B+7 (lanes 3 and 6), while R103A, F82A and F85A mutations resulted in different extents of inhibition on the helix-destabilizing activity of 3B+7 (lanes 4, 5 and 7), indicating that these five residues are the critical sites for the RNA chaperone activity of EV71 3AB.

Discussion {#s0045}
==========

In this report, we show that the nonstructural protein 3AB from EV71 has an RNA chaperone activity. For RNA viruses, their vRNA molecules may adopt diverse structures, some of which are misfolded inactive intermediates. The role of RNA chaperones is usually to facilitate the refolding of misfolded RNA intermediates, and assists in the formation of more globally stable and active RNAs. Thus, RNA chaperone activity is generally believed to be required for efficient replication and translation of vRNAs ([@bib20], [@bib26], [@bib49]). So far, the list of virus-encoded RNA chaperones keeps growing and includes retroviruses nucleocapsid (NC) protein, HIV-1 Vif and Tat, coronavirus nucleocapsid (N) protein, hantavirus nucleocapsid (N) protein, flavivirus core protein, hepatitis D virus small delta antigen (SdAg), cypovirus capsid protein VP5, EoV nonstructural protein 2C, and poliovirus 3AB ([@bib1], [@bib2], [@bib7], [@bib9], [@bib18], [@bib21], [@bib22], [@bib27], [@bib37], [@bib48]). Our current study adds EV71 3AB as a new member of this list.

Previous study has reported that poliovirus 3AB possesses an RNA chaperone activity; moreover, our current study determined the RNA chaperone activity of EV71 3AB. Despite of the numerous commonalities between poliovirus and EV71, the 3AB proteins from these two enteroviruses still exhibited some difference. For example, poliovirus 3AB has been reported to be much more potent than 3B+7 for RNA chaperone activities ([@bib11]); however, we observed that for EV71, the RNA chaperone activity of wild-type 3AB is only moderately stronger than that of 3B+7 ([Fig. 8](#f0040){ref-type="fig"}D). Moreover, poliovirus 3AB has been observed to shift single-stranded (ss) RNA in a gel mobility shift assay ([@bib9]); however, EV71 3AB failed to cause gel shift on ssRNA (data not shown). Interestingly, EoV 2C, a well-defined RNA chaperone, also failed to shift ssRNA ([@bib7]). Since either EV71 3AB or EoV 2C displays RNA chaperone activity to RNA duplex or structured RNAs, it is clear that they must have direct interaction with RNA molecules. A reasonable explanation for the difficulty to observe ssRNA shift is that the binding of chaperones to RNA is too weak or transient, thus preventing the interaction to be detected by a gel shift assay.

RNA chaperones are a heterogeneous group of proteins that share no common consensus sequences or motifs, and the mechanism(s) by which RNA chaperones destabilize RNA helix and stimulate strand annealing is still poorly understood. Currently, two models have been proposed to explain the activities of RNA chaperones. One is the "entropy transfer" model in which intrinsic disordered regions of RNA chaperones can transfer their entropy or disorder to misfolded RNAs, thereby facilitating these RNAs to escape thermodynamic barriers ([@bib35], [@bib52]). The other model is that some RNA chaperones remodel RNA molecules through transient ionic interaction with negatively charged phosphodiester backbone of RNAs, thereby disrupting the stability of RNAs ([@bib45]). For 3AB proteins from both poliovirus and EV71, our disorder prediction using DisProt Predictor VL3, the algorithm used to predict intrinsic disorders for certain viral RNA chaperones ([@bib4]), indicates that these two enteroviral 3AB proteins do not contain intrinsic disorder (data not shown), similarly with EoV 2C ([@bib7]), implying that enteroviral 3AB does not use the entropy transfer mechanism to remodel RNAs. On the other hand, the RNA helix-destabilizing activity of EV71 3AB was tested under various conditions, and our results showed that Mg^2+^ resulted in moderate inhibition of the RNA helix-destabilizing activity of EV71 3AB at high concentrations (≥10 mM) ([Fig. 5](#f0025){ref-type="fig"}C). This observation suggests that EV71 3AB is likely to remodel RNA molecules through transient ionic interaction with negatively charged RNA backbones, since divalent metallic ions like Mg^2+^ may compete with RNA chaperone to stabilize RNAs.

Interestingly, comparing to Mg^2+^, Zn^2+^ efficiently inhibited the helix destabilization by EV71 3AB even at low concentrations (≤0.5 mM), while higher concentrations of Zn^2+^ (≥1 mM) almost abolished the helix destabilization ([Fig. 5](#f0025){ref-type="fig"}D). This blocking effect of Zn^2+^ suggests that Zn^2+^ inhibits the RNA destabilizing activity of EV71 3AB through a different mechanism to Mg^2+^. It is plausible that Zn^2+^ directly binds EV71 3AB and regulates its RNA destabilizing activity by inducing conformational change of the protein ([@bib33]). Moreover, EV71 3AB exhibited the highest activity at pH 6. EV71 3AB is a basic protein (pI=9.13, tested by Compute pI/Mw tool), and it is proposed that this protein needs a mildly acidic environment as its optimal reaction condition.

During the replication of EV71, 3AB will be proteolytically processed into 3A and 3B (VPg) ([Fig. 1](#f0005){ref-type="fig"}A), neither of which has RNA chaperone activity, while the putative C-terminal cytoplasmic domain of 3AB (termed 3B+7) possesses RNA chaperone activity. Five point mutations of the 3B+7 demonstrated weakened or abolished chaperone activity. Particularly, the K80A or Y89A mutation abolished the helix-destabilizing activity of 3B+7, while R103A, F82A and F85A mutations inhibited the helix-destabilizing activity of 3B+7 by different extents ([Fig. 8](#f0040){ref-type="fig"}). Furthermore, we also examined the annealing stimulation activity by the five point mutations (data not shown), and got similar results to the RNA helix-destabilizing activity. The results indicated that the five amino acids (Lys-80, Phe-82, Phe-85, Tyr-89, and Arg-103) are critical and probably active sites of 3AB for its RNA chaperone activity. These sites may also serve as the potential target for the development of anti-EV71 compound or therapy.

During the life cycle of EV71, the RNA chaperone activity of 3AB may participate in diverse processes, such as coating and protecting viral genomic RNA, facilitating the formation and/or deformation of vRNA *cis*-acting elements, vRNA synthesis by RdRp, and translation ([@bib11]). However, due to technical limitations, it is difficult to reveal the exact role of an RNA chaperone in a particular process. Based on the studies of poliovirus and EV71, our current work suggests that the RNA chaperone activity is a general function for nonstructural protein 3AB in the genus *Enterovirus*, the family *Picornaviridae*, and even the order *Picornavirales*, and provide novel knowledge about the replication of EV71.

Materials and methods {#s0050}
=====================

Plasimd constructions {#s0055}
---------------------

Standard procedures were used for extraction of viral genome RNA. A cDNA fragment of EV71 3AB (amino acids 1441 to 1548 of polyprotein ORF) was inserted into vector pFastBac™HTA-MBP. The vector pFastBac™HTA-MBP was originated from the vector pFastBac™HTA (Invitrogen, Carlsbad, CA) ([@bib25]), in which the Maltose-Binding Protein (MBP) was N-terminally fused modified by our lab as previously described ([@bib13], [@bib42]). Mutations were generated in the same manner. Point mutations were introduced into the corresponding templates with appropriate primers containing the desired nucleotide changes. The primers used in this study are shown in [Table 1](#t0005){ref-type="table"}. The resulting plasmids were subjected to Bac-to-Bac Baculovirus Expression System to express the fusion proteins with an MBP-tag at the N-terminus of EV71 3AB.Table 1The list of Primers.PrimersSequence (5′-3′)Primers3AB-F[GAATTC]{.ul}GGTCCACCTAAGTTCA (*EcoR* I)3AB-R[CTCGAG]{.ul}TTACTGTACTGTTGCTGTGCGAA (*Xho* I)3A F[GAATTC]{.ul}GGTCCACCTAAGTTCA (*EcoR* I)3A R[CTCGAG]{.ul}TTACTGAAACCCTGCAAAGA (*Xho* I)3B F[GAATTC]{.ul}GGTGCGTATTCTGGT (*EcoR* I)3B R[CTCGAG]{.ul}TTACTGTACTGTTGCTGT (*Xho* I)3B+7-F[GAATTC]{.ul}AAGCTCTTTGCAG (*EcoR* I)3B+7-R[CTCGAG]{.ul}TTACTGTACTGTTGCTGT (*Xho* I)K80A-F[GAATTC]{.ul}gcaCTCTTTGCAGGGTT (*EcoR* I)K80A-R[CTCGAG]{.ul}TTACTGTACTGTTGCTGT (*Xho* I)F82A-F[GAATTC]{.ul}AAGCTCgcaGCAGGGTTTCA (*EcoR* I)F82A-R[CTCGAG]{.ul}TTACTGTACTGTTGCTGT (*Xho* I)F85A-F[GAATTC]{.ul}AAGCTCTTTGCAGGGgcaCAGGGTGCGTAT (*EcoR* I)F85A-R[CTCGAG]{.ul}TTACTGTACTGTTGCTGT (*Xho* I)Y89A-F[GAATTC]{.ul}AAGCTCTTTGCAGGGTTTCAGGGTGCGgcaTCTGGTGCTC (*EcoR* I)Y89A-R[CTCGAG]{.ul}TTACTGTACTGTTGCTGT (*Xho* I)R103A-F[GAATTC]{.ul}AAGCTCTTTGCAG (*EcoR* I)R103A-R[CTCGAG]{.ul}TTACTGTACTGTTGCTGTtgcAAGAGCAGGTTTC (*Xho* I)[^1]

Expression and purification of recombinant proteins {#s0060}
---------------------------------------------------

The expression and purification of MBP alone, MBP-3AB and its derivates were performed as previously described. Sf9 cells at a density of 2--10^6^  cells/ml were infected with the recombinant *baculoviruses* and the recombinant proteins were harvested at 72 h after infection. Cell pellets were resuspended in a binding buffer \[20 mM Tris--HCl (pH 7.4), 200 mM NaCl, 1 mM EDTA, 10 mM 2-Mercaptoethanol\] supplemented with protease inhibitors cocktail (Sigma, St. Louis, MO, USA). After being resuspended, cells were lysed via sonication and then debris was removed by centrifugation for 30 min at 11,000 g. The protein in the supernatant was purified using amylose affinity chromatography (New England BioLabs, Ipswich, MA), and then concentrated using Amicon Ultra-15 filters (Millipore, Schwalbach, Germany). The buffer was replaced by 20 mM HEPES-KOH (pH 7.0). All proteins were quantified using the Bradford method and stored at −70 °C in aliquots. Proteins were confirmed by 10% SDS-PAGE as described previously ([@bib43], [@bib51]).

Preparation of oligonucleotide duplexes {#s0065}
---------------------------------------

RNA helices/duplexes consist of two complementary oligonucleotide strands were annealed and gel purified. Of the two strands, the longer one was unlabeled and referred to the template strand, while the smaller strand, referred to the release strand, was labeled at 5′ end hexachlorofluorescein (HEX) (Takara, Dalian) ([@bib44]). All unlabeled DNA strands were purchased from Invitrogen, and HEX-labeled DNA and RNA strands were purchased from Takara. Unlabeled RNA strands were synthesized from in vitro transcription using T7 RNA polymerase (Promega, Madison, WI). The posttranscriptional RNAs were electrophoresed in a 5% polyacrylamide 8 M urea gel and further purified by the use of a Poly-Gel RNA extraction kit (Omega Bio-Tek) according to the manufacturer′s instructions.

To generate oligonucleotide duplexes, the labeled release strands and unlabeled template strands were incubated at a proper ratio in a 10 μl reaction mixture containing 25 mM HEPES-KOH (pH, 7.0) and 50 mM NaCl. The mixture was heated to 95 °C for 5 min and then cooled gradually to room temperature. Extracted oligonucleotides were ethanol precipitated and dissolved in nuclease-free water. The standard RNA helix substrate with both 5′ and 3′ tails was annealed with RNA1 and RNA2, the R⁎/D substrate was annealed with RNA1 and DNA1, the D⁎/D substrate was annealed with DNA2 and DNA3, the 3′-tailed RNA helix substrate was annealed with RNA1 and RNA3, the 5′-tailed RNA helix substrate was annealed with RNA1 and RNA4, and the blunt ended substrate was annealed with RNA1 and RNA5. The R⁎/R substrates with 42 matched base pairs were annealed with RNA6 and RNA7. The R⁎/R substrates with 49 matched base pairs were annealed with RNA8 and RNA9. All DNA and RNA oligonucleotides are listed in [Table 2](#t0010){ref-type="table"}.Table 2The list of Oligonucleotides.OligonucleotidesSequence (5′-3′)RNA1**GUGUAGUAAUCGUCCAU**RNA2AGUUUAAAACGCACGAGACACAAUGGACGAUUACUACACCAACAGAUCAAUUGAGCAAUCCGRNA3AUGGACGAUUACUACACCAACAGAUCAAUUGAGCAAUCCGRNA4AGUUUAAAACGCACGAGACACAAUGGACGAUUACUACACRNA5AUGGACGAUUACUACACRNA6**CAUUAUCGGAUAGUGGAACCUAGCUUCGACUAUCGGAUAAUC**RNA7UUUUUUUUUUUUUUUUUUUUGAUUAUCCGAUAGUCGAAGCUAGGUUCCACUAUCCGAUAA UGUUUUUUUUUUUUUUUUUUUURNA8**GUAACUAUAUUCGUCAUUAUCUCAUUUCCCAAAUUAAUACCAUAAAUUC**RNA9CUCGAAUGUCAGCGACAGAAUUUAUAAAUACAAUAGAUGGAAUUGAAAUACCUAAUUCACAU AUAAUAUACUUUGGAAUAGAUACCCCUUUUUGUGAAAUAACGAGAAAAGCACCACGAAUUUA UGGUAUUAAUUUGGGAAAUGAGAUAAUGACGAAUAUAGUUACACCGCUAGCUUUACCAGACA AUGAGUUUUCGCCUUUACGUAUUAUGAAAAAUAUUAAAGAUGCGGAAACCAAACCAUAUAUC AGUCAGUCUGGUUGGGUCACUACUGUGUUAUCAGCUGDNA1AGTTTAAAACGCACGAGACACAATGGACGATTACTACACCAACAGATCAATTGA*GC*AAT*CCG*DNA2**CACCACAACCACCACCACCACACCATGG**DNA3TTTTTTTTTTTTTTTCCATGGTGTGGTGGTGGTGGTTGTGGTGTTTTTTTTTTTTTTT[^2]

Nucleic acid helix-destabilizing assays {#s0070}
---------------------------------------

The total reaction volume is 10 μl, incubating 10 pmol of recombinant protein to 0.1 pmol of HEX-labeled helix substrates in a buffer containing 50 mM HEPES-KOH (pH 7.0), 2.5 mM MgCl~2~, 2 mM DTT, 0.01% BSA and 1.5 U/μl RNasin. After incubation at 37 °C for 1 h, the reaction mixture was treated with proteinase K (final concentration at 1 μg/μl) at 37 °C for 15 min. The digestion reaction was terminated by the addition of 5×loading buffer (100 mM Tris--HCl, 20 mM EDTA, 1% SDS, 0.04% Triton X-100, 50% glycerol and bromophenol blue \[pH7.0\]). Meanwhile, substrates were heat denatured at 95 °C for 5 min as the positive control. Mixtures were electrophoresed on 12% native-PAGE gels. Gels were scanned with a Typhoon 9200 (GE Healthcare, Piscataway, NJ). Image-Quant software (GE Healthcare) was used to quantify the ratio of released single strands versus the total of substrates.

RNA strand hybridization assays {#s0075}
-------------------------------

An RNA strand hybridization assay was carried out at a 10 ul reaction volume, containing indicated amount of recombinant protein incubated with 0.1 pmol of HEX-labeled and unlabeled RNA strands in 37 °C in a buffer containing 50 mM HEPES-KOH (pH 7.0), 2.5 mM MgCl~2~, 2 mM DTT, 0.01% BSA and 1.5 U/μl RNasin. The reaction was terminated and analyzed as described above. The mixtures were electrophoresed using 12% native-PAGE gels. Gels were scanned with a Typhoon 9200 (GE Healthcare, Piscataway, NJ).
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[^1]: Underlined characters indicate restriction endonuclease sites; types are shown in parentheses. Substituted nucleotides for mutagenesis are shown with lowercase characters.

[^2]: The synthesized single strands with florescence labeling are indicated with boldfaced characters.
